Introduction
[2] Current explanations for the high-nitrate-lowchlorophyll (HNLC) phenomenon in the equatorial Pacific are attributed to iron [Coale et al., 1996; Martin, 1990] and/ or silicate limitation of phytoplankton growth [Chai et al., 2002; Dugdale and Wilkerson, 1998] , and grazing by microzooplankton on phytoplankton [Landry et al., 1997] . While the equatorial Pacific experiences HNLC conditions most of the time, periodic phytoplankton blooms have been observed. For example, an unusually large accumulation of phytoplankton was observed from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) imagery in the equatorial Pacific in mid-1998 following the recovery from 1997-98 El Niño [Chavez et al., 1999; McClain et al., 2002; Murtugudde et al., 1999] . While the proportion of small species increased by <2-fold following the strong El Niño, the proportion of large species increased by 3-fold (e.g., from 10% to 30% of the total chlorophyll) [Strutton and Chavez, 2000] . The increased phytoplankton biomass and production were ascribed to extra iron inputs [Chavez et al., 1999] associated with the shoaling of the Equatorial Undercurrent. However, grazing might be insufficient to control phytoplankton growth at the resumption of upwelling due to reduction of grazer biomass [Le Borgne et al., 2002] , which might be an important mechanism for the development of phytoplankton blooms. Turk et al. [2001] showed that new production during the 1997 -98 ENSO varied by more than a factor of two on the equator.
[3] While the high biomass and productivity, and the ecosystem shift towards larger cells have been observed in association with the physical changes in mid-1998 in the equatorial Pacific, the implications for export production have not been investigated. In this study, we employ a 3-dimensional physical-biogeochemical model to address this issue. We focus on the impacts of the ENSO phenomenon on ecosystem structure and export production in the Niño3 area (5°N-5°S, 150°W-90°W). The objectives of this study are to (1) uncover the mechanisms (e.g., iron inputs or grazing pressure) responsible for phytoplankton blooms following the El Niño, and (2) study perturbations of export production and impacts of ecosystem structure in the central and eastern equatorial Pacific.
Model Description
[4] The ocean circulation model is a reduced gravity, primitive equation, sigma coordinate model coupled to an advective atmospheric mixed layer model [Gent and Cane, 1989; Murtugudde et al., 1996] . The model is forced by solar radiation, cloudiness, surface wind stresses, wind speeds, and precipitation. The air temperature and humidity are computed by the atmospheric mixed layer model. The solar radiation, precipitation, and cloudiness are climatological monthly means. The surface wind stresses and wind speeds are 6-day means from the European Centre for MediumRange Weather Forecasts [European Centre for MediumRange Weather Forecasts (ECMWF), 1994] analysis.
[5] The biogeochemical model consists of nine components: two size classes (large and small) each of phytoplankton, zooplankton, and detritus, and three nutrients: ammonium, nitrate, and iron [Christian and Murtugudde, 2003; Christian et al., 2002a Christian et al., , 2002b . The incorporation of iron is important in biogeochemical modeling, especially in the HNLC region of the equatorial Pacific. The previous model was successful in capturing the seasonal to interannual variability in biogeochemical fields in the equatorial Pacific, but the details of individual blooms were not well captured. To remedy this defect, we use the Ivlev grazing formulation [Ivlev, 1955] instead of the Franks' formulation [Franks et al., 1986] . Based on an observational study [Le Borgne and Landry, 2003] , we allow small zooplankton to graze on large phytoplankton. We also include a quadratic mortality (e.g., aggregation) for the large phytoplankton. The modified model does better jobs in simulating phyto-plankton blooms during strong upwelling and in reproducing observed chlorophyll from the SeaWiFS. Figure 1 indicates that modeled surface chlorophyll captures many features in the SeaWiFS derived chlorophyll, including the spatial and seasonal-to-interannual variability. Overall, the modeled surface chlorophyll in the Niño3 area is in good agreement with the SeaWiFS chlorophyll (Figure 1c) , showing weak seasonality but considerable interannual variability associated with the ENSO phenomenon.
Results and Discussion
[6] Figure 2 shows strong seasonality in modeled mixed layer depth (MLD) in the Niño3 area (e.g., shallowest in boreal spring and deepest in mid-year) that is modulated by the annual warm season (February -April) when solar warming is large and wind mixing weak [Chen et al., 1994; Cronin and Kessler, 2002] . The 20°C isotherm depth (Z20) from the model reveals weak seasonality but strong ENSO related interannual variability. Modeled iron and nitrate concentrations are closely related to Z20 (e.g., deeper Z20 associated with lower concentrations) at the interannual time scale. The model may overestimate nitrate concentration in some years. However, this bias is not crucial because the entire Niño3 area may be an HNLC system that is iron limited. Simulated surface iron concentrations for the Niño3 area range from 0.02 to 0.3 nM, which is in agreement with the published range of <0.03-0.25 nM in the equatorial Pacific [Gordon et al., 1997 [Gordon et al., , 1998 Martin et al., 1991 Martin et al., , 1994 .
[7] Model results indicate that the influx of iron into the mixed layer through entrainment has a negative relationship with Z20 (Figure 2b ). In general, the larger the Z20 anomalies, the more negative the iron supply anomalies are. However, this relationship did not hold during the period of 1999-2001 when both iron supply and Z20 showed similar trend: increasing over time. In particular, early 1999 had the shallowest Z20 and also the weakest iron supply. The model simulates a rapid increase in iron supply with a peak in mid-1998 (Figure 2b ), which coincides with the highest chlorophyll (Figure 1c) .
[8] Phytoplankton biomass in the mixed layer shows weak seasonality but considerable ENSO related interannual variability, which is dominated by the variation in large phytoplankton (Figure 3a) . In the mixed layer, there are larger temporal variations in zooplankton than in phytoplankton. The large phytoplankton fraction had an anomalous increase in mid-1998 which was coincident with extra iron input and the anomalously shallow MLD. The pronounced temporal variations in large phytoplankton demonstrate that iron plays an important role in regulating the growth of large cells (e.g., diatoms) in this region [Blain et al., 1997; Hutchins and Bruland, 1998 ]. During the 1992 and 1997 -98 El Niño events, large cells of both phytoplankton and zooplankton almost died off in the mixed layer whereas small zooplankton sharply declined following moderate decrease of small phytoplankton (not shown). During the recovery from the 1997 -98 El Niño, the large phytoplankton rapidly increased to its highest biomass while the small phytoplankton only returned to its normal level in response to the shoaling of Z20 and the consequent extra iron input. The weak temporal variability in small phytoplankton is likely attributed to two mechanisms in the Niño3 area. While iron limitation may be responsible for the low biomass during El Niño years, high grazing pressure from zooplankton is a major factor in maintaining relative constant biomass of small phytoplankton during nonEl Niño years. The model results support the hypotheses that iron and grazing are two main mechanisms responsible for the low phytoplankton biomass in the HNLC region of the equatorial Pacific [Landry et al., 1997 [Landry et al., , 2000 .
[9] On average, modeled ratio of zooplankton to phytoplankton is close to 0.9 in the mixed layer, and the large phytoplankton contribute 10-15% of total phytoplankton biomass, which are consistent with observations in the HNLC under upwelling conditions [Le Borgne and Landry, 2003; Strutton and Chavez, 2000] . Grazing pressure (e.g., the ratio of zooplankton to phytoplankton) and large phytoplankton fraction show the lowest values during the 1992 and 1997-98 El Niño events. The extremely low zooplankton biomass in 1997 -98 El Niño was another major factor, in addition to the extra iron input, that favored the phytoplankton bloom in mid-1998 [Le Borgne et al., 2002] . In mid-1998, the large phytoplankton fraction was highest ($20% of total phytoplankton) whereas the grazing pressure ($0.8) was lower than the average value (0.9). The ecosystem reached equilibrium in boreal fall 1998, with biomass ratios of zooplankton to phytoplankton similar to those in boreal falls, 1993 -1996. However, the ecosystem balance post mid-1998 showed a systematic difference from that prior to 1998. While the phytoplankton biomass remained at a similar level, the zooplankton biomass significantly increased in the boreal springs, 1999 -2001. This ecosystem regime shift was coincident with the relatively shallow MLD and Z20, and the high biomass of small phytoplankton.
[10] Modeled new production (e.g., nitrate uptake integrated for 0:120 m) and export production at 120 m range from 0.4 -0.6 mmol N m À2 d À1 during the El Niño events to 1 -2 mmol N m À2 d À1 for the non-El Niño years. New production slightly exceeds export production in the Niño3 area (Figure 1c) , reflecting some horizontal export of organic material [Hansell et al., 1997] . The magnitude and temporal variation of the new production are similar to those published by others [Aufdenkampe et al., 2001; Turk et al., 2001] . The modeled new production in 1992 increases from 0.6 mmol N m À2 d À1 in spring to 1.8 mmol N m À2 d À1 in summer/fall, which agrees well with observations [Aufdenkampe et al., 2001; McCarthy et al., 1996] . There are peaks in the new and export production in boreal spring under normal conditions, which are associated with the high biomass of small phytoplankton, and the high grazing pressure. This suggests that grazing may make an important contribution to the ''biological pump'' in the equatorial Pacific when the large phytoplankton are not dominant. There are also other peaks in the new and export productions that often appear in the second half of the year or following recovery from El Niño. These peaks are strongly associated with the abundance of large phytoplankton (e.g., in mid-1998), which demonstrates that the shift in ecosystem structure towards larger cells may enhance the export of organic material to the deep ocean [Boyd and Newton, 1999] .
[11] Figure 4 shows the relationship between export production anomalies (EPA) and large phytoplankton anomalies (LPAs) in the mixed layer. The weaker relationship for negative LPAs indicates that other processes such as subsurface biological activity and/or grazing may play a role in regulating the export production under El Niño conditions. However, the stronger relationship for positive LPAs suggests that increasing large phytoplankton biomass is more likely to increase export production, such as during phytoplankton blooms. While our model underestimates the mid-1998 bloom, the modeled export production increases by a factor of four from the end of 1997 to mid-1998. The relationship for the positive LPAs between the export production and the large phytoplankton allows us to better estimate the export production from observations. We assume that total phytoplankton doubled from 0.25 (normal years) to 0.5 (mid-1998) 
, based on the 2-fold increase in the SeaWiFS chlorophyll (Figure 1c) , and large phytoplankton increased from 15% to 30% of total phytoplankton [Strutton and Chavez, 2000] . We estimate that the LPA should reach 0.11 mmol N m À3 in mid-1998, causing export production of 3.4 mmol N m À2 d
À1
. This rate is more than twice as large as the averaged 1.5 mmol N m À2 d À1 Figure 3 . Modeled mixed layer variability in the Niño3 area: (a) biomass of phytoplankton (black line), zooplankton (orange line), and ratio of large phytoplankton to total phytoplankton (LP:P ratio, green line), and (b) new production (black line) and export production (orange line). 
Summary
[12] The physical processes associated with the ENSO phenomenon have dramatic impacts on ecosystem and export production. Under El Niño conditions, depression of ferricline in the central and eastern equatorial Pacific breaks the food chain in the marine ecosystem. These conditions cause a decline of phytoplankton biomass and reduction of zooplankton, and consequent decrease of export production. Following recovery from El Niño, iron inputs rebound, stimulating phytoplankton growth. In addition, low grazing pressure allows phytoplankton blooms to develop, which subsequently increases export production. Model results suggest that the recovery from the 1997-98 El Niño may have enhanced export production by a factor of eight in the Niño3 area. The large phytoplankton are more sensitive to the physical and chemical changes, and are largely responsible for the perturbations of export production.
